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Introduction

1
Situated in East Africa and influenced by two active volcanoes, Lake Kivu has experienced 2 dramatic changes in its history (Degens et al. 1972) . From 10,000-7,000 yr BP, Kivu was 3 shallower, 300 m below present level, and transformed into a deep lake around 6,000 yr BP. 4
About 5,000 yr BP carbonate deposition ceased and diatoms were completely modified in a 5 short time. These dramatic changes were attributed to volcanism and hydrothermal activities 6 (Haberyan and Hecky 1987). In modern Lake Kivu, dissolved gases (Schmid et al. 2005) in 7 the deep water are estimated at 60 km 3 CH 4 and 300 km 3 CO 2 (at 0 °C and 1 atm). Recent 8 studies indicate an increase in methane concentrations by 15% during the last 30 years 9 (Schmid et al. 2004 ), which might result from environmental modifications. First, gross 10 sedimentation may have increased due to the fast-growing population, intensified land use and 11 erosion on the steep catchment slopes. Second, the introduction of Limnothrissa miodon in 12 1960 altered the food web by eliminating the Daphnia communities (Dumont 1986). Third, 13 intensified rainfalls may have increased the subaquatic inflows, which delivered more 14 nutrients to the surface layer. Therefore, understanding the recent sedimentary history of Lake 15
Kivu is essential to characterize trends and changes of nutrient accumulation and to explain 16 why methane has increased. 17
In this study, net sedimentation was quantified with three short sediment cores from 18 Lake Kivu. Gross sedimentation was determined with material collected monthly in sediment 19 traps. We analyzed total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen 20 (TN), total phosphorus (TP), biogenic silica (BSi), major and trace minerals, and diatoms. 21
This study addresses the following research questions: How did nutrient and carbon 22 accumulation change? How large is the seasonal variation in the gross sedimentation? Which 23 fraction of organic matter (OM) is degraded in the water column and at the water-sediment 24 interface? 25 (ter Braak 1995). Ordinations were implemented using CANOCO 4.54 (ter Braak and 1
Šmilauer 2002). 2
Quantitative diatom conductivity reconstructions were inferred using the European 3 Diatom Database website (http://craticula.ncl.ac.uk/Eddi/jsp/). Modern analogue matching of 4 full samples with conductivity dataset showed that the closest analogues were from the East 5 and North African subset, which was applied to fossil diatom assemblages using a weighted-6 averaging model with inverse deshrinking (WA inv : r 2 jack = 0.758, RMSEP = 0.44 log units). 7
Goodness-of-fit is assessed by considering the minimum dissimilarity coefficient between the 8 fossil sample and training set (Juggins (2001). All quantitative reconstructions using diatom 9 data were carried out using the ERNIE software package within EDDI. 10 (Table 2) . Molar ratios between nutrients at 50 m 21 were always higher than below 90 m. The trap at 50 m was exposed to oxygen during annual 22 mixing, which might have favoured degradation and direct feeding during exposure. 23 calculated as the sum of TOC, TN, TP, as well as O and H using the Redfield ratio. Secondly, 1 OM was determined from the loss on ignition minus the loss of CaCO 3 as CO 2 . BSi and total 2 minerals were measured directly. BSi was measured only at 90 m and reported for the other 3 depths of the same sampling date. The total of these four components was compared to the 4 sedimentation rate, which agreed within 2%. The main constituents were minerals with a 5 slight minimum from mid-April to mid-June. Biomass and BSi had maxima from mid-June to 6 mid-October, TIC was more variable. OM fluxes remained constant throughout the water 7 column, whereas fluxes of soil minerals and CaCO 3 were smaller at 50 m. Colder and heavily 8 loaded stream water probably stratify below 50 m. 
Results
11
Contemporary gross sedimentation
Past sediment accumulation 19
Sedimentation rates and visual description 20
For sediment cores, the logarithmic 210 Pb activities revealed two slopes separated by an 21 interval, where white laminae appeared (Fig. 2) . The shallower slope averaged 0.33 cm yr -1 , 22 whereas the deeper slope was 0.18 cm yr -1 . This extreme shift is caused by a sudden 23 carbonates accumulation, diluting 210 Pb activity. For the Gisenyi core, this pattern was 24 reproduced assuming a loss of the first 5.5 cm (Fig. 2) . The constant rate of supply model 1 indicated that sedimentation rates increased by three fold (Table 1, Fig. 3) . 2
An abrupt change from non-laminated dark to white laminae was visible in the upper 3 cores. This white layer corresponded, within dating uncertainties, to a transition in the early 4 1960s. 5
Main components concentrations 6
Concentration profiles of C, N, P (Fig. 3) , BSi and minerals (Fig. 4) reflected changes 7 between these two layers. TIC increased abruptly at their transition. TOC and TN were less 8 concentrated in the white layer, while TP remained constant. N: P ratio was lower in the upper 9 layer. In the earlier record (< 1850), two OM peaks separated by a TIC peak were visually 10 observed in the Kibuye and Gisenyi cores (Fig 3) . 
Main component fluxes 16
Fluxes, derived from sedimentation rate and concentrations, increased in most constituents 17 since the 1960s (Fig. 3) . To quantify the changes, the averaged flux in the carbonate layer was 18 compared to the averaged flux before 1960 (Table 1 ). TIC accumulation was 11 times higher 19 in the last 40 years, TP fluxes more than doubled, while TN increased by 60%. TOC fluxes 20 were less consistent; recent fluxes increased by 100%, 40% and decreased by 7% in the 21
Ishungu, Kibuye and Gisenyi cores, respectively. Total lithogenic fraction has increased by 22 3.5 times in the last 40 years (Fig 4) . Carbonate forming elements increased by 14, 26 and 20 23 times for Ca, Sr and Ba, respectively. The Si, Al and Ti fluxes were augmented by factors of3.2, 4.4, and 4, respectively. A mass balance for the Kibuye core was established for its 1 different fractions (Fig. 5) . 2
Diatom analyses 3
Diatom analyses of the Kibuye core recorded 83 species (Fig 6) . induces high algal production. BSi fluxes were similarly high during mixing and disappeared 10 in the rainy season. Carbonate fluxes were both characterized by precipitation events, but 11 were higher in Lake Kivu. 12
The fluxes comparison between sediment traps and cores (Table 3) certainly occurred due to the long exposure time without poisoning. In steady state, 2 degradation at the sediment-water interface should be similar to internal loading (Table 3) This long-recognized problem is often solved by poisoning traps. Degradation within traps 10 was found acceptable for temperate lakes with one to two weeks exposure time (Mudroch and 11
MacKnight 1991). In Lake Baikal, N, P and C fluxes were also corrected by a factor of 1. 9) did not record Chaetoceros, despite its importance in the upper Kibuye core (Fig. 6) . 24
Several changes in the diatom assemblages were observed in the recent sediment record 25 from Lake Kivu. Their interpretation is complicated by the unusual water chemistry andmixing regimes affecting Si:P ratio (Kilham et al. 1986 ). In Lake Kivu, shallow mixing 1 maintains high Si:P ratios in the epilimnion, while deeper mixing entrains more P and salts 2 lowering surface Si:P ratios and increasing salinity. Changes in DI-conductivity should 3 therefore be viewed with caution, as certain key taxa may be driven more by Si:P ratio than 4 salinity. The first major change occurs before 1850 with the disappearance of Nitzschia cf. 5 marginata, the reduction in N. bacata and the replacement by Nitzschia fonticola agg. and N. salinity, but is rather an indicator of low Si:P, similarly to Stephanodiscus/Cyclostephanos in 20 fresh conditions. Lowering surface Si:P ratios may be induced by recent nutrient inputs from 21 the catchment, and increased upwelling of saline, low Si:P deep waters. 22
Major changes in sedimentation during the last 40 years 23
The most sudden change is the onset of carbonate precipitation in the early 1960s. Calcite was 24 nearly absent in the sediment before and its accumulation suddenly increased by 15 fold. In 25 the last 40 years, fluxes slightly increased for TOC (10%) and TN (60%) but more thandoubled for TP (Table 2) . Total mineral accumulation increased by a factor of 3.5 and positive 1 trends were observed for soils tracers or elements co-precipitating with carbonates. 2
The sudden onset of carbonates is probably induced by higher primary productivity. In 3 Lake Kivu, the water above 60 m is oversaturated related to calcite and the saturated deep-4 water prevents any re-dissolution (Pasche et al. 2009 
1988) were identified as primary precipitates (aragonite, monohydrocalcite) and diagenetic 8 products (siderite, calcite, and dolomite). Aragonites (δ 13 C = 4 to 6 ‰) precipitated (Botz et 9 al. 1988) in isotopic equilibrium with the lake water bicarbonate (δ 13 C = 4.8 ‰). In 10 comparison, recent carbonates are isotopically heavier (δ 13 C = 6.1 to 7‰), which might 11 indicate more intense primary production. 12
Three major hypotheses could explain the abrupt changes around 1960: food web 13 modifications, increased external nutrient inputs, or more intense upwelling via subaquatic 14
sources. 15
Top-down effects due to the introduction of Limnothrissa miodon 16
Changes could be caused by an increased top-down control after the introduction of 17 the first pelagic and planktivorous fish, Limnothrissa miodon. This non-native fish could exert 18 more pressure on the larger zooplankton, which would then loosen control over the 19 phytoplankton. Increased primary production has often triggered carbonate precipitation 20 
Bottom-up effects due to increased external nutrient inputs 10
The increased erosion due to deforestation over the last decades has increased sediment 11 load to the lake, which would also explain the increase in periphytic diatoms and testate 12 amoebae washout, and abundant nucleation sites for carbonate precipitation. P sedimentation 13 could have been amplified via the flux of P-rich soil particles. Increased nutrient loading, 14 accentuated by direct inputs from the fast-growing population, could accelerate lake 15 productivity, alter Si:P ratio in upper waters, and affect both pH and the super-saturation of 16 water inputs and drive a slow upwelling (Schmid et al. 2005 ). An increase in the subaquatic 19 discharge could deliver more nutrients and Ca 2+ in the epilimnion by upwelling, inducing 20 higher primary production, lower Si:P ratios, CaCO 3 precipitation and higher salinity. 21
The African Great lakes are sensitive to climatic changes and the water budgets of 22
Lakes Victoria and Tanganyika could reconstruct past climate. In the 20 th century, these lakes 23 rose rapidly after the extreme rainfalls from 1961-1964 followed by high water level until 24 stations in Lake Kivu catchment increased by about 100 mm between 1932/61 and 1962/90 1 (Rwanda Meteorological Service), representing 20 % of the whole catchment discharge. 2 Supposing enhanced subaquatic discharge, more salts and Ca 2+ would be delivered to the 3 surface due to a higher upwelling. These changes could induce higher primary production, 4 carbonate precipitation and a shift toward diatoms typical of lower Si:P, saline conditions. In 5 addition, a strengthening of the main chemocline has been observed since 1972, probably 6 resulting from increased discharge from subaquatic springs (Pasche et al. submitted) . 7
The rise in lake level between 1960 and 1993 resulted from an increase in rainfall, 8 ultimately feeding the subaquatic sources. We propose that higher subaquatic discharges 9 enhanced the upwelling of nutrients and salts to the epilimnion, leading to higher primary 10 production and a shift towards saline diatoms. Together with more dynamic algal blooms 11 induced by the top-down mechanism and further enhanced by increased catchment P loading, 12 this could have triggered the intense CaCO 3 precipitation. 13
Conclusions 14
Gross sedimentation had a seasonal maximum coinciding with the primary production 15 peak in the dry season. In permanently stratified lakes, the seasonal deepening of the mixed 16 layer releases nutrients from their nutrient-rich deep waters. During the anoxic descent, OM 17 degradation was minor. On the contrary, mineralization at the sediment water interface 18 released 75 to 80% of the nutrients and organic carbon, and 18% of biogenic silica, back into 19 the water column. 20
Sediment cores revealed an onset of CaCO 3 accumulation 40 years ago, accompanied 21 by nutrients increases, and a shift towards more saline diatoms with lower Si:P requirements. 22
These changes probably resulted from ecosystem modifications, occurring around 1960. First, 23 the introduced Limnothrissa Miodon reduced the zooplankton communities, allowing 24 increased phytoplankton dynamics. Secondly, the stronger upwelling fed by enhancedproduction. Thirdly, the increasing population in the catchment might have induced 1 eutrophication. In conclusion, these environmental changes might have potentially triggered 2 the carbonate precipitation; however we are not able to determine which of these mechanisms 3 or which combination of mechanisms is the actual dominant cause. 4
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Modify all the figure because traps before cores carbonates (ligth grey), biomass (black), biogenic silica (grey) and minerals (dark grey). The fraction "others" (white) correspond to the rest in order to agree with the sedimentation rate Fig. 9 Diatom assemblages of Lake Kivu sediment traps. All species > 2% in any one sample are displayed. The diatom taxa have been ordered according to their weighted average abundance in the core (ascending). The ratio of testate amoebae scales is displayed alongside the diatom preservation index (F index), diatom concentrations and the axis 1 and axis 2 sample scores from Detrended Correspondance Analysis (DCA). 
